Abstract. Reflector thermal distortion status is essential to performance stability of communication satellite antenna in geosynchronous orbit, and should be carefully validated in design period. Thermal distortion simulation of current satellite antenna reflector is usually conducted by numerical calculation of extreme temperature field condition from thermal analysis results. However, telemeasuring result shows that, the worst performance time of antenna is not usually under these extreme temperature conditions, and it is necessary to analyze the thermal distortion features of satellite antenna during the whole orbit period to provide efficient instructions for design of the antenna thermal control.
Introduction
The DFH-4 satellite platform which operating in geostationary orbit is ordinarily equipped with large (about 2m*3m) deployable reflector antennas on the east/west panel, consequently they are also called east/west antenna. In order to improve the satellite's communication capability, communication quality and meet the requirements of different coverage areas, the shaped antennas are usually designed with large aperture, large concave and convex shaped areas and small thickness perpendicular to the reflector.
Generally, the relationship between the gain of the actual reflector and that of the ideal reflector can be approximated by the following formula [ 
where δ represents the accuracy error of the actual reflector surface, and λ represents the working wavelength of the antenna. The gain of the antenna is affected by the profile accuracy error, and this effect becomes more obvious with the increase of the antenna frequency. In the world, such antenna reflector usually adopts the thermal control measures of coating white paint on the front side and wrapping the backside with multilayer insulation (MLI) blankets [2] .
A large temperature gradient of the antenna reflector is present at all time of orbit, and the temperature range of the reflector can reach to -160°C~100°C, hence, thermal deformation design of the antenna reflector becomes particularly important in such a hash space environment. Due to the limitation of test methods, the thermal deformation of antenna on orbit was usually predicted by test and simulation under the uniform temperature field [3] . The procedure of antenna's design is in the following way. First, the temperature limit (the maximum temperature, the minimum temperature and the maximum temperature gradient, also called typical limit temperature of antenna's reflector) of the antenna's reflector was found by thermal analysis on orbit, then the temperature field at temperature limit corresponding to the limit temperature was applied as thermal load to the thermal deformation of the antenna reflector, and finally the thermal deformation results were substituted into the electrical performance simulation software to evaluate the effect of thermal deformation on the electrical performance of the antenna. Satellite on-orbit performance monitoring shows that the performance of the antenna decreases at some times, even cannot meet the user's requirements, and the deterioration of the antenna performance is not the typical limit temperature of antenna's reflector of the thermal analysis of the antenna' reflector. It is impossible to measure the temperature field and thermal deformation directly of the antenna' reflector on orbit,
therefore it is necessary to analyze the thermal deformation of the antenna in detail during the orbit period to find out the variation law of the thermal deformation of the antenna reflector to resist distortion in space.
Thermal Deformation Analysis Method
Thermal deformation analysis of antenna is based on the temperature field results of antenna's thermal analysis. The finite element model (FEM) for thermal deformation analysis of DFH-4 platform satellite's west antenna is shown in Figure 1 . The antenna reflector is mainly composed of reflector, back ribs, deployable arms and reinforcement rib of deployable arms. All components are made of 16mm thick carbon fiber aluminum honeycomb sandwich structure. Carbon fiber aluminum honeycomb sandwich structure commonly used in antenna reflector was a composite structure plate composed of carbon fiber panels and aluminum honeycomb panels laminated in a specific order and angle. The equation in deformation analysis is expressed as follows [4] [5] [6] :
N and M is the internal force matrix of carbon fiber panel and aluminum honeycomb panel respectively. A, B and D are the tensile stiffness matrix, coupling stiffness matrix and bending stiffness matrix of the composite structure plate respectively. When the composite structure plate is subjected to temperature loading, the equation in deformation analysis is expressed as follows:
The internal force matrix of carbon fiber panel due to thermal deformation is expressed as follows:
The internal force matrix of aluminum honeycomb panel due to thermal deformation is expressed as follows:
When the antenna is not affected by external load, N and M are equal to zero, and composite structure plate have no initial strain and stress. When satellite is operating on orbit, temperature variations and temperature gradients occur in each part of the antenna reflector due to the complex space environment. The appearance of temperature load leads to the introduction of external resultant force matrix and resultant moment matrix in the composite structure plate. External resultant force matrix and resultant moment matrix lead to in-plane deformation (tension, compression or shearing) and out-of-plane deformation (bending and tension), which will affect the shape of antenna reflector changes, and further lead to changes in antenna pointing accuracy.
Three typical temperature cases of the antenna reflector during the satellite orbital period are usually selected to calculate the thermal deformation of the reflector. The three cases are defined as follows: 1) The maximum temperature case: the temperature field when the maximum temperature occurs on the antenna reflector (T max ).
2) The minimum temperature case: the temperature field when the minimum temperature occurs on the antenna reflector (T min ).
3) The maximum temperature gradient case: the temperature field when the maximum temperature gradient occurs on the antenna reflector (T gra ).
The relationship between thermal strain (ε) and temperature variation (ΔT) of a certain element in FEM can be expressed as the following formula: ε = αΔT (5) The only factor affecting thermal deformation is temperature variation under the same thermal expansion coefficient (α). For the uniform temperature field, each element in the model has the same temperature, and each element expands or shrinks at the same time, which makes the same contribution to the overall thermal deformation of the structure. The thermal deformation analysis of the uniform temperature field under the above three cases is generally considered to include the worst case of the RMS error of the reflector.
For the non-uniform temperature field of antenna reflector with time-varying on-orbit, due to the different temperature distribution of each element in the model, each element has deformation coordination besides its own thermal deformation. The mutual restraint between the elements improves or deteriorates the overall thermal deformation of the structure. Therefore, it is possible that the worst case with RMS error of antenna reflector do not appear in the above three cases.
Thermal Analysis Method of Antenna in Orbit Period
The main factors that affect the antenna temperature field in space as follows [7, 8] : 1) direct solar radiation, earth reflection, earth infrared radiation 2) space environment (low temperature) 3) earth shadow area 4) mutual shielding between other components of the satellite platform 5) 
internal heat of the antenna
The antenna is usually defined as 2-D plane in thermal analysis, the energy equation of transient thermal analysis equation is expressed as follows:
Among them, δ is thickness of antenna reflector, λ is thermal conductivity, σ is StefanBoltzmann constant (5.67×10 −8 W∕m 2 K 4 ), ε is infrared emissivity, B is configuration factor, q s is energy absorbed by solar and internal heat, ρ is density, c is specific heat.
The I-DEAS/TMG program was used to calculate the radiative thermal conductance and the solar energy absorbed by the antenna in the beginning of the life (BOL). The calculation time is the vernal equinox, and 24 calculation points are selected. The initial time of calculation is 12:00 noon. Since the geostationary orbit at the equinox produces the shadow area by the earth, 4 calculation points are added near the shadow area, as shown in Figure 2 . The temperature variation curve of the antenna reflector in 24 calculation points during the orbit period is shown in Figure 3 . According to the calculation results of the temperature field during the orbit period, the maximum temperature of the antenna reflector is 39.5°C at the t12 (23:00), the minimum temperature of the antenna reflector is -143.2°C at the t21 (08:00), the maximum temperature gradient of the antenna reflector is 83.3°C at the t11 (22:00). The temperature field distribution of the antenna reflector at these times is shown in Figure 4 . 
The Analysis and Simulation Results
To evaluate the thermal deformation of the antenna reflector caused by temperature load, a simplified formula for defining the RMS error of the antenna reflector plane is presented as follows: Δx k , Δy k and Δz k are the deformation values along the X, Y and Z directions of the coordinate system respectively, n is the number of nodes in the model. Figure 5 shows that the maximum RMS error of the antenna reflector surface is 0.84mm during the orbit period and appears at t20 (07:00). The maximum RMS error of the antenna reflector surface is 0.07mm, 0.81mm and 0.08mm at the t12, t22 and t11 respectively. Typical limit temperature cases are generally considered to exclude the worst case of thermal deformation of the antenna reflector. The time when the maximum RMS error of reflector occurs is close to the time when the reflector operating at the minimum temperature. By comparing the temperature variation curves of reflector during the orbit period with the corresponding RMS error variation curves of reflector, it can be seen that the absolute value of minimum temperature is almost proportional to the RMS error value of reflector plane. The main factor affecting the thermal deformation of the reflector is the minimum temperature. Therefore, it is necessary to further study the temperature distribution of the antenna reflector.
By comparing the temperature field of the antenna reflector when the RMS error value of the antenna plane is greater than 0.6mm in Table 1 below, the ratio of the area of the antenna reflector to the area of the whole antenna reflector under -100°C indicated that the larger the area of the reflector below -100°C, the greater the RMS error of the antenna reflector. Thermal Design Optimization According to the above conclusion, the RMS error of the antenna reflector plane is controlled below 0.6mm when the temperature control threshold is set to -60°C~0°C by pasting thin film heater on the back of the reflector for on-orbit compensation heating, as shown in Figure 6 and Figure 7 . The total power of the heater is 200W. 
Conclusion
Based on the thermal deformation analysis of DFH-4 platform satellite's west antenna during orbit period, the results obtained in this study are as follows. 1) It is impossible to find the worst case of the antenna reflector if only the thermal deformation of antenna at the maximum temperature case, the minimum temperature case and the maximum temperature gradient are considered. 2) The RMS error caused by thermal deformation of antenna reflector is related to both the absolute value of minimum temperature and temperature distribution. 3) the RMS error of antenna reflector can be significantly reduced by using the smaller compensation heating power. 
